It has been revealed that gene content changes, or gene gains or losses, have played an important role in the evolution of modern humans. As one of the major players accounting for gene content changes, gene pseudogenization is abundant in mammalian genomes, and approximately 20 000 pseudogenes have been identified in ape genomes. Therefore, it is an interesting question how to exploit rich information embedded in pseudogenes. Here, I present a bioinformatic pipeline that utilizes a pseudogene database to identify both lineage-specific genes and pseudogenes in humans and chimpanzees. I found 6 human-specific gene gains (HSGs), 1 chimpanzee-specific gene gain, and 4 chimpanzee-specific pseudogenes, most not discovered in previous studies. Further analysis showed that HSGs have been evolving under strong purifying selection and are broadly expressed, indicating strong functional constraint. This study demonstrates the usage of pseudogene information in comparative genomics and suggests that new genes during primate evolution may acquire essential functions in a short time. The pipeline developed here could also be applied to other species.
The substantial morphological differences between humans and chimpanzees are of particular interest, given that only 6 million years have elapsed since the split from a common ancestor (Locke et al. 2011) . Nucleotide variations in protein-coding genes or cis-regulatory sequences, and changes of gene expression have been proposed to play important roles in shaping distinct phenotypes in humans and chimpanzees (King and Wilson 1975; Clark et al. 2003; Carroll 2005) . Another tier of molecular changes that may also influence evolutionary adaptations lies in the gene content variation in an organism, or the formation of lineage-specific genes (LSGs) or lineage-specific pseudogenes (LSPs). A few pioneer studies have shown the existence of human-specific genes (HSGs) and human-specific pseudogenes (HSPs; Wang et al. 2006; Knowles and McLysaght 2009; Wu et al. 2011) , some of which may have been of adaptive significance, for example: 1) a transmembrane protein gene, c1orf37-dup, which was derived through retroposition in the human lineage (Yu et al. 2006) , has undergone strong selection and may function in cell surface interactions; 2) a frameshift mutation that occurred in human MYH16 approximately 2.4 million years ago causes marked size reductions in individual muscle fibers and entire masticatory muscles (Stedman et al. 2004) ; and 3) the pseudogenization of CASPASE12 is selectively favored in humans, probably by conferring protection from severe sepsis .
Pseudogenes are "genomic fossils" that are defunct copies of functional genes derived by retroposition or genomic duplications (El-Attar et al. 2001) . They are prevalent in mammalian genomes (Deloukas et al. 2001; Orchard et al. 2001) and are critical for understanding the structure and function of a genome. In the human genome, there are about 20 000 identified pseudogenes (Deloukas et al. 2001; Fujimori et al. 2001; Khurana et al. 2010; Pei et al. 2012) , which may serve as regulator for their corresponding functional genes (Cao et al. 2001) or footprints to understand ancient transcriptomes (Kwak et al. 2001 ). An in-depth exploitation of the huge amount of information embedded in a pseudogene database may increase our understanding regarding genome evolution.
In this study, I developed a bioinformatic pipeline that utilizes current knowledge of pseudogenes to search for LSGs and LSPs simultaneously. By applying this pipeline to great apes, 6 HSGs, 1 chimpanzee-specific gene (CSG), and 4 chimpanzee-specific pseudogenes (CSPs) were successfully identified. Only 1 of the 6 HSGs was reported before. Further analysis on HSGs demonstrated a pattern consistent with strong purifying selection, which complements the current understanding of the evolution of new human genes.
Materials and Methods

Identification of LSGs and LSPs
Sequences of 24 463 human pseudogenes (genome build GRCh37) and 16 785 chimpanzee pseudogenes (genome build CHIMP2) were downloaded from http://www.pseudogene. org (Karro et al. 2007) , which is a comprehensive database of in silico identified nonprocessed and processed pseudogenes in various species. Genomic sequences for human (Homo sapiens) (Lander et al. 2001) , chimpanzee (Pan troglodytes) (Chimpanzee Sequencing and Analysis Consortium 2005), and orangutan (Pongo pygmaeus) (Locke et al. 2011) were downloaded from the Ensembl database (http://www.ensembl.org, release 56). A bioinformatic pipeline (Figure 1 and see main text) was developed to identify LSGs and LSPs.
Analysis of Gene Expression
The recently developed RNA-Seq technique (Wang et al. 2009 ) was used to assess the expression of HSGs. Deepsequencing data of transcriptomes from 6 tissues (brain, cerebellum, heart, liver, kidney, and testis) in humans and chimpanzees (Brawand et al. 2011) were obtained from NCBI short read archive with the accession code GSE30352. To estimate the transcription level of protein-coding genes, reads were first mapped to the reference genome by TopHat (Trapnell et al. 2009 ), using the Ensembl protein-coding annotation file (release 56) and a minimum intron size of 20 bp (Zhang and Edwards 2012) . Next, the result was fed into Cufflinks (Trapnell et al. 2010) to calculate the number of fragments per kilobase of transcript per million fragments mapped (FPKM) (Mortazavi et al. 2008; Trapnell et al. 2010) . Genes with FPKM > 0 were considered expressed. 
Peptide Evidence
Peptide information for each gene was retrieved from the PRoteomics IDEntifications database (Martens et al. 2005) by querying Ensembl gene names. Peptide sequences were extracted from each experiment in the search result.
Gene Function Annotation
The Gene Ontology (GO) database http://www.geneontology.org was used to examine the functional annotation of genes (Ashburner et al. 2000) . Molecular function, biological process, and cellular component attributes of each gene were downloaded using Ensembl Biomart (http://www.ensembl. org/biomart, release 56).
Characterization of Genetic Diversity of HSGs
Human genetic variation data for all protein-coding genes was obtained from the 1000 Genomes Project, which includes 1092 individuals from 14 populations (Abecasis et al. 2012) . Single nucleotide polymorphisms (SNPs) with a minor allele frequency < 0.01 were excluded from the analysis to avoid possible SNP calling errors. SNP density, nucleotide diversity, and the derived allele frequency (DAF) were calculated for each gene. If a gene was shorter than 5 kb, a 2-kb region was extended in both the 5′ and 3′ direction, respectively, to ensure that there were enough SNPs for each gene and to avoid possible bias due to the small number of SNPs.
Results
Bioinformatic Pipeline to Identify LSGs and LSPs
Pseudogene sequences were downloaded from http://www. pseudogene.org (Karro et al. 2007 ). Among 24 463 human and 16 785 chimpanzee queries, 17 036 and 11 185 queries, respectively, with one or more open reading frame (ORF) disablements were selected to minimize the possibility that certain pseudogenes with intact ORFs are unannotated coding genes. These disruptive pseudogenes were then feed into the bioinformatic pipeline. Briefly, human pseudogenes were compared with the chimpanzee and orangutan genomes by BLAST (Altschul et al. 1990 ) to identify HSPs and CSGs ( Figure 1A ). For each query, BLAST hits were filtered with E-value >= 1e-4, sequence similarity < 85%, query length coverage <90% or if they were not on the homologous chromosome of the query. A tentative HSP was defined if its orthologs in both chimpanzee and orangutan were annotated protein-coding genes: if the chimpanzee ortholog was an annotated protein-coding gene but the orangutan ortholog was not, then the chimpanzee ortholog was defined as a tentative CSG. Similarly, tentative HSGs and CSPs were identified by comparing chimpanzee pseudogenes with human and orangutan genomes. In this step, 386 HSGs, 220 HSPs, 90 CSGs, and 316 CSPs were initially identified. Next, all candidates were compared against their corresponding genomes to filter ones with a large number of similar hits, which may be members of gene families or in regions with complex local rearrangements or duplications where homologous relationships were difficult to discern unambiguously. After this filter, 73 HSGs, 15 HSPs, 14 CSGs, and 35 CSPs were retained. Furthermore, sequence alignments across great apes (human, chimpanzee, gorilla, and orangutan) were made and manually inspected to filter candidates with inappropriate genomic features. For instance, a HSG candidate was confirmed only if all of its orthologs in chimpanzee, gorilla, and orangutan have disruptive changes, and a HSP candidate was confirmed only if all of its orthologs in chimpanzee, gorilla, and orangutan retain intact ORFs. This step led to a set of 10 HSGs, 1 CSG, and 5 CSPs (Table 1) , and no HSP was qualified for further analyses. Because assembly errors are common in less annotated genomes (Salzberg and Yorke 2005; Zhang and Backstrom 2013) , which may affect the result here, an additional filter was performed. All nonhuman sequences in the current set were searched in the NCBI trace archive, and manual inspection was conducted to find any inconsistency between the trace and the assembly sequence. However, none of the candidates failed this step. A synteny check was further performed to guarantee true orthology across species. For a given candidate, a BLAST-based reciprocal best-hit method was applied to 5 upstream and downstream neighboring genes (10 in total), and an expected region was determined as the region where a majority of neighboring genes reside. An ortholog was then validated if it was within the expected region. Finally, evidence from mRNA expression (Brawand et al. 2011 ) and protein expression (Martens et al. 2005 ) was used to filter unexpressed candidates, which might be false positives caused by possible gene annotation mistakes Clamp et al. 2007 ). For LSPs, gene expression and protein expression were examined for their functional orthologs to rule out the possibility that their orthologs are misannotated as functional genes. Due to data limitation, only support from gene expression was exploited for CSGs. The final set was composed of 6 HSGs, 1 CSG, and 4 CSPs (Table 1 and Figure 1B) .
Characterization of LSGs and LSPs
It is intriguing that most of LSGs or the orthologous genes of LSPs have a single coding exon (Table 1) . Because retroposition can generate intronless genes from multiexon genes (Long et al. 2003) , paralogous proteins with ≥70% peptide similarity and ≥50% sequence coverage were searched for these genes, and hits for 4 of 6 HSGs and 1 of 4 CSP orthologs were found (Table 1) . Three of the 4 HSG paralogs are multiexon genes and have at least 5 more exons than their corresponding HSGs, suggesting that these HSGs were derived by retroposition. No paralog can be found for 5 LSGs (2 in humans and 3 in chimpanzees, Table 1 ) even when the similarity cutoff was reduced to 50%, implying that they could be of de novo origin.
I next sought to study the tissue expression pattern of LSGs by using RNA-Seq data from 6 human tissues and 6 chimpanzee tissues (Brawand et al. 2011) . Most HSGs and the CSG were broadly expressed in multiple tissues, and only 1 HSG (ENSG00000179468, an olfactory receptor gene) was exclusively expressed in brain (Table 1) . Contrary to previously reported testis-biased expression for new genes, results here showed that each tissue has 3-5 HSGs expressed, suggesting that expression of HSGs is not biased toward any tissue and these genes may function in multiple tissues.
Using the GO annotations (Ashburner et al. 2000) , the potential functional relevance of LSGs and LSPs was further analyzed. There were 5 biological process terms and 8 molecular function terms for the 6 HSGs (Supplementary Table 1) , including important terms such as signal transduction and signaling pathway. CSPs were involved in 35 biological processes and 10 molecular functions (Supplementary  Table 2 ), and 4 terms were represented in at least 2 CSPs, all of which are related to transcription regulation.
Genetic Variation Pattern of HSGs
Previous studies have suggested that newly derived genes or pseudogenes may be the target of adaptive evolution (Long et al. 2003; Wang et al. 2006; Xue et al. 2006; Yu et al. 2006) ; thus, it is of particular interest to examine the evolutionary pattern of candidates identified above. Due to data limitation, only HSGs were interrogated using SNPs from the 1000 Genomes Project (Abecasis et al. 2012) . There are 2 SNPs in ENSG00000176723 that modify the start codon and 1 SNP in ENSG00000134297 that introduces a premature stop codon, but all of these are at very low frequency (≤0.01), indicating that they may be under strong functional constraints. In HSG regions, a total of 127 SNPs were found, which is compatible with the SNP density in other genic regions (Supplementary Table 3 , P = 0.249, Wilcoxon rank sum test). The nucleotide diversity π (Nei and Li 1979) , however, is significantly reduced in HSGs compared with that of other genes (0.0004 vs. 0.0008 per base, P = 0.016, Wilcoxon rank sum test), suggesting strong functional constraint or recent positive selection. To distinguish these 2 different possible explanations for the low nucleotide diversity, I further studied the DAF and found a significantly skew to low DAF in HSGs when compared with that of other genes (P = 6.7 × 10 -4 , Wilcoxon rank sum test, Figure 2 ). This observation, in combination with the low nucleotide diversity, suggests that HSGs have undergone stronger negative selection compared with other genes.
Discussion
The release of multiple nonhuman primate genomes, such as chimpanzee, gorilla, and orangutan, is greatly enhancing the comparative power to understand the genetic basis of human uniqueness and species-specific adaptations (Knowles and McLysaght 2009; Tay et al. 2009; Toll-Riera et al. 2009; Tautz and Domazet-Loso 2011; Wu et al. 2011) . Numerous studies have demonstrated that primate genomes are enriched in structural variations, such as segmental duplications (Bailey and Eichler 2006) , retrotranspositions (Hormozdiari et al. 2013; Zhang 2013) , and copy number variations (Gazave et al. 2011; Iskow et al. 2012; Gokcumen et al. 2013; Prado-Martinez et al. 2013; Sudmant et al. 2013) , which may have substantial functional consequence (Iskow et al. 2012; Gokcumen et al. 2013) . Collectively, LSGs/LSPs seem to be common and evolutionary important. In the present study, I developed a bioinformatic pipeline that utilizes our knowledge of pseudogenes in great apes to simultaneously identify LSGs and LSPs. The relatively small number of candidates may result from the exclusion of a large proportion of gene family members, which are in gene clusters or have a number of similar BLAST hits and may represent hundreds of LSG gains and losses in primates (Hahn et al. 2007) . Additionally, the pipeline relies on reported pseudogenes, which may represent a small percentage of the total reservoir. Therefore, the number of LSGs and LSPs identified in this study only presents a small portion of the total pool. Recently, Wu et al. (2011) identified 27 human de novo genes; only 1 gene (ENSG00000157021) is also found here. This discrepancy is mainly due to the different objectives of their study, as they focused on human de novo genes and required human-specific changes for each candidate. Wang et al. (2006) have reported 67 HSG losses; however, no HSP was found by this pipeline. To resolve this discrepancy, I examined their gene loss candidates and found that 11 were absent in the human pseudogene query used here, 34 were intersected with human coding regions (Ensembl v56), and 22 failed filters. In fact, their focus was nonprocessed pseudogenes, which tend to be in tandemly duplicated regions and were excluded in this pipeline. Nevertheless, examples found here may be supplementary to the existing list of LSGs and LSPs in primates.
It should also be noted that polymorphic pseudogenes in humans such as CASP12 (Xue et al. 2006) and ACTN3 (MacArthur et al. 2007) were not found in this study either because the genome assembly contains the functional copies. Similarly, such information from nonhuman primates could also help distinguish fixed LSGs/LSPs from polymorphic ones. Moreover, the total number of LSGs and LSPs is also affected by incomplete genome assemblies, which makes it impossible to perform a trio comparison for some loci and leads to a reduced number of candidates. Recent studies show that the human and other primate genomes are dynamic and enriched in gene copy number variations (Sudmant et al. 2010; Mills et al. 2011; Sudmant et al. 2013) , which may affect the identification of LSPs and LSGs. Although it cannot be assessed directly, the impact of gene copy number variations should be small in this study because gene expression and protein expression data from different individuals have been incorporated as a filter in the pipeline, and the probability of observing a copy number candidate in the reference genome and passing the expression filter should be small. Nevertheless, resequencing data from multiple individuals may help completely address this concern.
Several lines of evidence suggest that HSGs identified in this study may have important functions. First, HSGs are widely expressed in a number of tissues, contrary to previous observations that LSGs tend to be predominately expressed in testis (Levine et al. 2006; Zhou et al. 2008) . The wide expression may suggest fundamental cellular functions in different tissues, as housekeeping genes do (Warrington et al. 2000) . Second, analysis of human genetic variation showed that HSGs are under strong purifying selection to stabilize gene functions, a common pattern found for functionally important genes or regions (Jordan et al. 2002; Ward and Kellis 2012) . Third, GO annotation reveals that HSGs are involved in several ubiquitous functions such as signal pathways. These findings suggest that genes specific to humans could obtain important functions in a short time.
This study also revealed that the ratio of LSG/LSP is significantly different between humans and chimpanzees (P = 0.015, Fisher's Exact test). One possible reason could be the different number of pseudogene queries in humans and chimpanzees. However, the difference becomes even more prominent if that is taken into account because there are more human pseudogene queries than chimpanzee pseudogenes. Another explanation is that humans have more annotated genes in comparison with chimpanzees, and it is not unexpected to see more HSGs than CSGs, which seems the case as the test became nonsignificant when controlling for gene numbers in humans and chimpanzees (23 516 and 19 829, respectively). But notably, Hahn et al. (2007) studied the gene family size evolution in primates and found a similar pattern within gene families, reporting a total of 678 HSG gains and 740 CSG losses, suggesting that some underlying mechanistic difference may lead to this discrepancy. Therefore, a genomewide scan for LSGs and LSPs in humans and chimpanzees is encouraged to help understand this question.
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